INTRODUCTION
Salmonella is one of the major causative agents of foodborne infectious diseases, and over 2600 serotypes have been identified to date. Because of the prevalence of salmonellosis in humans, active surveillance of Salmonella is important for the maintenance of public health (Issenhuth-Jeanjean et al. 2014 ). An important component of surveillance is serotyping of Salmonella; this is traditionally carried out using slide agglutination, which is based on the serological discrimination of the lipopolysaccharide (LPS) polysaccharide components (O-antigens) and the flagellar proteins (H-antigens) of the Kaufmann and White scheme (Wattiau, Boland and Bertrand 2011) .
Salmonella enterica serovar Typhimurium (S. Typhimurium) belongs to the O:4 group (B) and can be classified into two serological variants: an O:5 antigen-positive strain and an O:5 antigen-negative strain (Slauch et al. 1995; Jaradat and Zawistowski 1996) . The O:5-positive strain is also known as S. Typhimurium variant Copenhagen (Slauch et al. 1995; Rabsch et al. 2002; Hauser et al. 2011) . The O-antigen repeat unit of S. Typhimurium is composed of mannose, rhamnose and galactose in the main chain and branched sugars, abequose and glucose. Abequose, which attaches to the mannose residue, is known to confer the O:4 epitope (Hellerqvist et al. 1968; Jorbeck, Svenson and Lindberg 1979) . Although serotyping is important for public health and surveillance programs, and represents an effective and rapid diagnostic test, the agglutination reaction of O:4 has been shown to differ among S. Typhimurium field strains (Lawson et al. 2002; Rabsch et al. 2002; Wattiau, Boland and Bertrand 2011) , which sometimes makes the interpretation of the results difficult.
In this study, we compared the antigen-antibody affinity of O:4 antigen between S. Typhimurium O:5-positive and O:5-negative strains. The results indicated that the presence or absence of O:5 antigen was the cause of the observed difference in the antigen-antibody affinity of O:4 antigen.
MATERIALS AND METHODS

Bacterial strains
Salmonella Typhimurium χ3306 O:5-positive (pBR322 with oafA), S. Typhimurium χ3306 O:5-negative (pBR322) and S. Typhimurium field strains were used for the study (Table 1 ). The O:5 antigen is encoded by the oafA gene, and the OafA protein is responsible for the acetylation of O-antigen (Slauch et al. 1996) . The presence or absence of O:5 antigen in these strains was investigated using slide agglutination test and DNA sequencing of the oafA gene amplified using specific primers P-1034 NheI (5 GCTAGCTAGCCAGTGACCTTCTTTGATGTAG 3 ) and P-1036 SalI (5 ACGCGTCGACCATCAGAAAAGCTATACACATA 3 ).
Plasmid construction
An approximately 5 kb DNA fragment containing the oafA gene from S. Typhimurium SL1344 was amplified by PCR with primers oafA-F NheI (5 GCTAGCTAGCGTACGCTGGCAATCACGACG 3 ) and oafA-R SalI (5 ACGCGTCGACGAAGACCTGGCTATCCGGGC 3 ). The restriction sequences of NheI and SalI are underlined, respectively. The resulting PCR product was digested with restriction enzymes and cloned into a pBR322 vector (TOYOBO Co., Ltd, Osaka, Japan), which was predigested with the same enzymes. To prepare the electrocompetent cell, S. Typhymurium χ3306 strain was grown at 37
• C in Luria Bertani medium to an optical density at 600 nm of ∼0.2. Cells were then harvested by centrifugation and washed five times with ice-cold distilled water. The cells were resuspended in 0.1 ml of ice-cold distilled water. This construct was electroporated into S. Typhymurium χ3306 strain using a Gene Pulser II (Bio-Rad, Laboratories, Inc., Hercules, CA) under the following condition: 25 μF, 2.4 kV, 400 , with 0.2-cm cuvettes containing 0.5 μl of DNA solution (0.5 μg) and 50 μI of cell suspension. The cells were spread on Luria Bertani agar supplemented with ampicillin (100 μg/ml) and incubated at 37 • C. Salmonella Typhimurium χ3306 O:5-positive (pBR322 with oafA) and S. Typhimurium χ3306 O:5-negative (pBR322) strains used for the analysis were investigated for the presence or absence of O:5 antigen using slide agglutination test (Fig. S1 , Supporting Information).
SDS-PAGE and immunoblotting of Salmonella LPS
LPS was extracted from bacteria using the hot phenol-water method and immunoblotting of Salmonella LPS as previously described (Aribam et al. 2015a) . Approximately, 5 μg of LPS was separated on a 12% acrylamide gel (Bio-Rad, Richmond, CA, USA) with the SDS buffer system, and stained using a modified silver staining method (2D-silver staining kit, Cosmo Bio, Tokyo, Japan) (Tsai and Frasch 1982) . To determine the binding affinity of LPS from the S. Typhimurium χ3306 O:5-positive (pBR322 with oafA) and S. Typhimurium χ3306 O:5-negative (pBR322) with rabbit anti-factor O:4 antigen serum (SSI Diagnostica, Copenhagen, Denmark), the LPS bands were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Richmond, CA, USA) and subjected to immunoblot analysis. Subsequent to transfer, the PVDF membranes were blocked with Blocking one solution (Nacalai Tesque, Kyoto, Japan) followed by incubation with rabbit anti-factor O:4 antigen serum (1:1000), and then with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:2000; Invitrogen, Carlsbad, CA, USA). 3,3-Diaminobenzidine tetrahydrochloride (Wako, Osaka, Japan)-hydrogen peroxide solution was used for detection. 
Indirect enzyme-linked immunosorbent assay
For enzyme-linked immunosorbent assay (ELISA), plates were coated with 50 μl of 5 μg/ml of LPS (purified using LPS extraction kit, iNtRON) from S. Typhimurium χ3306 O:5-positive (pBR322 with oafA) or O:5-negative (pBR322) strain, and incubated with rabbit anti-O:4-antigen serum (SSI Diagnostica, Copenhagen, Denmark) at a starting concentration of 5 μg/ml, followed by 2-fold dilutions (Aribam et al. 2015b) . HRP-conjugated anti-rabbit IgG was used to detect bound antibodies, and the reactions were visualized with 3,3 ,5,5 -tetramethylbenzidine substrate (Pierce, Rockford, IL, USA).
Electron microscopy
Electron microscopy analysis was performed as previously described (Aribam et al. 2016) . The bacterial suspension was placed on collodion-coated copper grids (400 mesh, Nisshin EM, Tokyo, Japan) for 2 min. The grids were incubated with rabbit anti-factor O:4 antigen serum (SSI Diagnostica, Copenhagen, Denmark) followed by incubation with colloidal gold-conjugated goat antirabbit immunoglobulin (10-nm diameter, BBI Solutions, Cardiff, UK) before imaging with a transmission electron microscope (H-7500, Hitachi, Tokyo, Japan).
Microagglutination test
To determine the affinity of O antigen with rabbit anti-factor O:4, O:1, O:12 antigen serum (SSI Diagnostica, Copenhagen, Denmark), microagglutination reactions were carried out (Aribam et al. 2015b) . In a 96-well microtiter plate, 100 μl of serial dilutions of the antigen sera in phosphate-buffered saline (PBS) were dispensed in two-fold serial dilutions. Subsequently, bacteria were adjusted to a density of 5 × 10 7 CFU/100 μl/well, emulsified, and incubated overnight at 4
• C.
Statistical analysis
Statistical analysis was performed using the Student's t-test to compare the affinity of O:5 positive and negative strains with antigen sera.
RESULTS AND DISCUSSION
Using ELISA, the binding affinity of O:4 antiserum was stronger with LPS from χ3306 O:5-negative strain than with LPS from χ3306 O:5-positive strain (Fig. 1A) . Immunoblot analysis and electron microscopy analysis confirmed the stronger affinity of LPS from O:5-negative strain with the O:4 antiserum ( Fig. 1B and  C) . Furthermore, we investigated O:4 antigen-antibody affinity with these two strains using microagglutination reaction. The microagglutination reaction with S. Typhimurium χ3306 O:5-positive strain was observed at 12-fold dilution, while the positive reaction with S. Typhimurium χ3306 O:5-negative strain was observed at 48-fold dilution (Table. 2). On the other hand, no differences were observed between O:5-positive and O:5-negative strain using O:1 and O:12 antisera. These data indicate that antigen-antibody affinity of O:4 antigen was different due to the presence or absence of O:5 antigen. Next, we determined whether antigen-antibody affinity of O:4 antigen was different in different S. Typhimurium field strains with or without O:5 antigen (Table. 1). Using the O:4 antigen serum, antigen-antibody affinity in microagglutination reaction was observed at 6-to 12-fold dilutions with the O:5-positive field strains, while microagglutination with the O:5-negative field strains was observed at 24-to 96-fold dilutions (Fig. 2) . However, no differences were observed between O:5-positive and O:5-negative field strains in microagglutination reactions using O:1 and O:12 antigen sera (Fig. 2) . Thus, the results clearly suggest that the level of microagglutination with O:4 antigen serum depended on the presence or absence of the O:5 antigen in S. Typhimurium field strains and that O:5-positive strains showed weaker reaction with the O:4 antisera when compared to O:5-negative strains.
The O-antigen is the immunodominant region of LPS, and structural differences in this region are important determinants of the serotype (Wattiau, Boland and Bertrand 2011; Micoli et al. 2014) . The presence of abequose confers the specific O:4 antigenicity to the O:4 group of S. enterica, while acetylation on the C-2 position of the abequose residue confers the O:5 anti- (Slauch et al. 1995; Hauser et al. 2011) . Acetylation affects the three-dimensional structure of the molecule, and creates and destroys a series of conformational epitopes (Slauch et al. 1995) . Thus, we suggest that the differences in the degree of agglutination reaction observed for the O:4 antigen serum binding site is a result of the structural differences induced by acetylation of abequose in the O-antigen chain. Indeed, we have identified mutations in the oafA gene in all O:5-negative field strains (Table. 3) (Hauser et al. 2011) . Although serotyping is important for public health and surveillance programs and represents an effective rapid diagnostic test, the agglutination reaction of O:4 has been shown to yield different results for different S. Typhimurium field strains (Lawson et al. 2002; Wattiau, Boland and Bertrand 2011; Micoli et al. 2013) . We suggest that the results of agglutination by O:4 antigen sera may vary between strains depending on the presence or absence of the O:5 antigen.
To conclude, this study has shown that variations in the agglutination reaction of S. Typhimurium field strains with O:4 antigen serum are caused by the presence or absence of O:5 antigen. Therefore, agglutination tests for O5 strains using O4-antigen serum can lead to an undetectable reaction if the test is not performed precisely or not carried out appropriately by a skilled technician. 
